Abstract. Small-scale mixing between cloudy air and unsaturated clear air is investigated in numerical simulations and in a laboratory cloud chamber. Despite substantial differences in physical conditions and some differences in resolved scales of motion, results of both studies indicate that small-scale turbulence generated through cloud-clear air interfacial mixing is highly anisotropic. For velocity fluctuations, numerical simulations and cloud chamber observations demonstrate that the vertical velocity variance is up to a factor of two larger than the horizontal velocity variance. The Taylor microscales calculated separately for the horizontal and vertical directions also indicate anisotropy of turbulent eddies. This anisotropy is attributed to production of turbulent kinetic energy (TKE) by buoyancy forces due to evaporative cooling of cloud droplets at the cloud-clear air interface. Numerical simulations quantify the effects of buoyancy oscillations relative to the values expected from adiabatic and isobaric mixing, standardly assumed in cloud physics. The buoyancy oscillations result from microscale transport of liquid water due to the gravitational sedimentation of cloud droplets. In the particular modeling setup considered here, these oscillations contribute to about a fifth of the total TKE production.
dependent not only on droplet inertia in turbulent airflow, but also on fine details of dilution and evaporation. In turn, due to latent cooling, the evaporation affects local air density. The resulting inhomogeneity of the spatial density distribution results in buoyant accelerations of air filaments, thus feeding back to the dynamics and turbulence. These fine-scale effects are typically neglected in larger-scale models. In this paper, we show that they may substantially influence the statistical properties of small-scale turbulence in clouds. Because the small-scale dynamics and thermodynamics underlie the evolution of droplet spectra-and, thus, radiative properties of clouds-the importance of the effects discussed can be argued up to the climatic scale.
The paper is organized as follows. The next section introduces the problem and presents in situ cloud observations, which demonstrate that a large fraction of a cloud volume is filamented due to entrainment and mixing events. Section 3 discusses results of numerical simulations of small-scale mixing between the cloudy and clear air, designed to study properties of small-scale turbulence produced by evaporative cooling of cloud droplets. Section 4 presents the laboratory experiment that mimics the cloud-clear air interfacial mixing and compares the results to numerical simulation. Section 5 concludes the paper.
Physics of cloud-clear air interfacial mixing
Consider an isobaric entrainment event initiated at the top or near the edge of a convective cloud. Such an event is typically associated with an eddy resulting from the instability of the cloudenvironment boundary [16] - [18] . Once a parcel of unsaturated environmental air becomes engulfed by saturated cloudy air containing small water droplets, both volumes undergo stirring and filamentation in the process of turbulent mixing [13] , [19] - [21] . This is illustrated in figure 1 that shows high-resolution temperature measurements taken by aircraft [22, 23] . The upper • C temperature and 65% relative humidity) and saturated cloudy air (with 20
• C temperature and 3.2 g kg −1 liquid water mixing ratio) as a function of the environmental air fraction.
panel shows the in-cloud temperature to be lower than that of the environment, in the range from 180 to 900 m. The two subsequent magnifications in the central and lower panels show discontinuities characteristic of passing through the filaments with different thermodynamic properties. Small-scale filaments, down to the centimetre scale (an instrumental limit) are apparent in the lower panel. Such measurements are typical for many cloud types and a variety of meteorological conditions [2, 22, 23] . Molecular diffusion of water vapor and temperature across the interface separating cloudy and clear air filaments, combined with the transport of cloud droplets from cloudy to clear air filaments due to droplet sedimentation and inertia, results in the evaporation of water within the clear air filaments [11] , [24] - [26] during the stirring phase of the mixing (i.e. before the Kolmogorov scale is reached).
Evaporation of cloud droplets implies density changes due to latent heat effects. In order to illustrate the importance of these effects, figure 2 shows the dependence of the density temperature of the homogenized mixture (cf equation (4.3.6) in [27] and the discussion below) as a function of the environmental air fraction in the mixture (cf figure 1 in [11] and figure 5 in [26] ). This figure is referred to as the mixing diagram. Mixing is assumed to be adiabatic and isobaric, a standard approximation for cloud processes. The density temperature T ρ is often used in cloud physics to represent combined effects of the air temperature, water vapor and condensed water loading on the parcel density. It can be approximated as:
where T is the temperature, q is the water vapor mixing ratio, l is the liquid water (cloud droplet) mixing ratio, and ε = (R v /R d − 1) ∼0.61; R d and R v are gas constants of dry air and water vapor, respectively. Values of thermodynamic parameters in figure 2 were selected to represent typical small summertime cumulus, and they satisfy the assumption of zero buoyancy of the cloudy air, selected for consistency with numerical simulations discussed later in the paper. The mixing diagram consists of two line segments, the common point of which represents a state where the homogenized mixture is at saturation and contains no cloud water. This is the mixture with the lowest density temperature, that is, with the largest density. The segment to the right of the common point corresponds to the unsaturated, cloud-free homogenized mixtures, whereas the segment to the left corresponds to the saturated cloudy mixtures. The diagram shows that evaporation of liquid water due to mixing between cloudy air and the unsaturated environment results in a homogenized mixture that has lower density temperature (i.e. higher density) than either of the elements. Here, the minimum is for the mixing proportion of 33% environmental and 67% cloudy air. The negative buoyancy created by the mixing results in production of TKE. For incompressible Boussinesq dynamics with triply periodic boundaries, it can be shown (see appendices in [17, 26] ) that the TKE evolution satisfies:
where 2 is the enstrophy; ν is the molecular viscosity; and represents the volume averaging. The first term on the rhs of equation (2) represents production of the TKE through the correlations between fluctuations of the vertical velocity and buoyancy. The second term represents destruction of the TKE through viscous dissipation in regions of large velocity gradients (and thus of high enstrophy).
TKE can also be supplied at large scales. For instance, in the case of the entrainment event discussed at the beginning of this section, the kinetic energy associated with the entraining eddy provides a large-scale source of TKE. In numerical simulation, the large-scale source may be associated with the initial conditions (discussed in the next section). A particular setup of the laboratory experiment may provide a large-scale source of TKE as well (see section 4). In all these cases, the buoyant TKE production at small scales (i.e. the first term on rhs of equation (2)) supplements the TKE cascading from larger scales.
The buoyancy fluctuations in (2) may originate from evaporative cooling due to adiabatic and isobaric mixing between cloudy and clear-air illustrated in figure 2. However, as pointed out in [11] (seefigure3thereinandtheaccompanyingdiscussion),sedimentationofdropletsfrom cloudy to clear air filaments provides an additional transport mechanism for liquid water, which affects T ρ by changes of l (and q in the case of evaporation) increasing in consequence the range of buoyancy fluctuations beyond that resulting from the adiabatic isobaric mixing. In [11] , the author referred to such amplified negative fluctuations of b as the 'buoyancy undershoots'. Here, to accommodate both negative and positive extrema, we shall refer to such amplified fluctuations of b as 'buoyancy oscillations'. Numerical simulations discussed in the next section assess the role of these oscillations in the TKE budget.
Numerical simulations of cloud-clear air interfacial mixing
A large series of numerical simulations of cloud-clear air mixing set forth in the idealized scenario of decaying moist turbulence were discussed in [25, 26] . In these studies, the initial conditions included a set of randomly oriented cloudy and clear-air filaments as well as initial velocity perturbations, all dominated by features at scales comparable to the size of the computational domain (see figure 1 in [25] ). The simulations investigated the evolution of cloud-clear air mixing and subsequent microscale homogenization, with emphasis on the TKE The finite-difference numerical model EULAG used in the simulations is described in [28] - [31] . The equations, modeling setup, initial and boundary conditions, as well as comprehensive discussion of various aspects of simulations, are presented in [25, 26] . Here, we focus on the results from the simulation of a mixing event in a triply periodic domain of (64 cm) 3 resolved with 256 3 grid (i.e. with grid increment of 2.5 mm). To represent the finite evaporation time of cloud droplets and a realistic spectrum of their sedimentation velocities, the cloud droplet number density was discretized using 16 size classes (bins). The resolution selected qualifies the calculations as DNS [32, 33] with a superimposed binned cloud microphysics [25, 26] .
The initial temperature and relative humidity of the clear air were set at 293 K and 65%, respectively. Cloudy filaments were saturated, with their temperature the same as that of the clear air and the liquid water content (LWC) of 3.2 g kg −1 . The initial spectrum of cloud droplets was narrow, with the mean droplet radius of 8.9 µm and width of ∼1.5 µm, not atypical for natural clouds. The initial fraction of the volume occupied by cloudy filaments was 50%. The initial conditions were selected to assure identical density temperatures of cloudy filaments and clear air (figure 2), thus implying that all simulated buoyancy variations result from the sedimentation of cloud droplets relative to the air, and from the latent heating due to evaporation of cloud droplets. The imposed initial velocity perturbations result in the TKE of 1.62 × 10 −4 m 2 s −2 , which corresponds to a weak turbulence [25, 26] . At t = 4.8 s, when the buoyant TKE production is the most intense, the histogram is very wide, exceeding the limits of adiabatic isobaric mixing. Positive buoyancy oscillations, to the right of the upper limit in figure 3 , occur in cloudy saturated regions with LWC reduced by droplet sedimentation (i.e. resulting from the decrease of l in equation (1)). Negative oscillations (corresponding to buoyancy undershoots) occur in subsaturated regions due to latent cooling associated with evaporation of cloud droplets sedimenting from cloudy filaments (see [11] for a detailed discussion). As time progresses, the histograms narrow, to eventually converge to a delta distribution corresponding to the buoyancy of the homogenized mixture. As the histogram shows at t = 24 s, at the end of the simulation the homogenized state is not yet achieved. Figure 4 documents the TKE evolution in the course of the simulation (upper panel) and the buoyant TKE production (lower panel). TKE increases rapidly in the first 5 s, and more gradually in the following few seconds, to reach the maximum value of 2.2 × 10 −3 m 2 s −2 in the 9th second. Subsequently, TKE gradually decreases due to prevailing dissipation. After 24 s, at the end of the simulation, TKE is still about three times larger than its initial value. The bottom panel of figure 4 shows the partition of the TKE production from regions where the buoyancy fluctuations fall within the limits set by the adiabatic isobaric mixing (green line, marked 'in') and regions where the buoyancy exceeds these limits (red line, marked as 'out').
Furthermore, figure 4 shows that TKE production during the initial stages of mixing is divided about equally between regions with buoyancy values within the limits of the classical mixing (figure 2) and regions with buoyancy oscillations. Although the contribution of these oscillations to the TKE budget diminishes at later stages (when TKE is mostly dissipated), they provide about 20% of the total TKE production for the entire simulation.
The anisotropy of the velocity field develops during the first 5 s of the simulation, when the TKE increases rapidly. This is illustrated in figure 5 in two ways. Firstly, the upper panel shows the evolution of the ratio of the root mean square (rms) values of turbulent velocity fluctuations in the horizontal and vertical u . Anisotropy in the first second of the simulation is due to that of the initial condition [34] . the horizontal and vertical velocity components, defined as:
The ratios u 2 i / u 2 3 decrease rapidly in the first seconds of simulation. Their minima, of about 0.33, are reached at the time of the maximum TKE production around the 4th second. Then, the ratios increase slightly, as the TKE evolution levels off, and settle down at values close to 0.5 for the remainder of the simulation. The anisotropy persists, even at the very end of the simulation when TKE gradually decreases due to dissipation. This anisotropy of the small-scale turbulence is also corroborated by the differences in the Taylor microscales [25] . Evolution of the two horizontal scales λ 1 and λ 2 and of the vertical scale λ 3 is shown in the bottom panel. From the 5th second of the simulation onward, λ 3 is significantly larger than λ 1 and λ 2 . Figure 6 shows histograms of velocity fluctuations at various times of the simulation. Statistical properties of the results displayed in the histograms are summarized in table 1. In the first histogram (t = 4.8 s), corresponding to increasing TKE production and the maximum effect of buoyancy oscillations in figure 4 , the histograms are narrow, skewed and of high kurtosis. Next, histograms show (approximately) Gaussian shapes, with amplified widths concomitant with the enhanced TKE values. Consistent with the results of figure 5 , the spread of the vertical velocity histograms is significantly wider than the spread of the horizontal velocity histograms. Figure 7 illustrates the discussion with a snapshot of the LWC field in the vertical cross section through the computational domain at t = 10.8 s, that is, around the time of maximal TKE. The figure shows some filaments elongated in the vertical-documented in the objective analysis reported in [24, 35] -most likely due to the increased vertical strain associated with enhanced vertical velocities. 
Laboratory experiments with cloud-clear air interfacial mixing
Our experiments mimic small-scale processes of turbulent mixing of cloudy air with unsaturated environmental air in a laboratory cloud chamber (1.0 m × 1.0 m × 1.8 m, figure 8 , [36] ). A saturated and cloudy plume (containing droplets of ∼10 µm diameter) enters the chamber through the round opening in the ceiling. The velocity of the plume is about 20 cm s −1 at the inlet, and it accelerates to about 30 cm s −1 in the middle of the chamber in response to the buoyancy forces. LWC in the plume is typically more than 10 g kg −1 -somewhat higher than in natural clouds. The plume's temperature is about 25
• C, close to the temperature of the unsaturated chamber air. Relative humidity of the clear air inside the chamber varies from 30 to 75% for different experiments. The plume descends through the chamber while mixing with the environment, creating complicated continuously evolving structures (eddies, filaments, etc).
Illuminating the chamber interior with a 1.2 mm thick sheet of laser light enables the planar cross section through the scene to be imaged with a high-resolution CCD camera. An example image from the experiment, covering an area of about 9 × 6 cm 2 , is presented in figure 9 . The image reveals fine structures created in the process of turbulent mixing of the cloudy plume with its unsaturated environment. One pixel in this image corresponds to the 1.2 mm deep volume with about 69 × 69 µm 2 area in the plane of the laser-light sheet. Such elementary volumes occupied by droplets are represented by dark pixels in the image; bright pixels correspond to volumes void of droplets.
Pattern recognition in two consecutive images separated by a known time interval allows retrieval of two velocity components in the image plane. This technique, referred to as particle image velocimetry (PIV) [37] , is widely adopted in experimental fluid mechanics. An original, accurate multi-scale PIV algorithm was developed for this experiment [36] . First, it identifies motions of large structures, and then analyzes the displacements within the structures. Application of the algorithm allows the two components of velocity vector to be estimated with a spatial resolution of about 0.07 mm; i.e. an order of magnitude smaller than the Kolmogorov length scale, the value of which was estimated from the measurements at approximately 0.76 mm. An example image showing a pattern of droplets superimposed with the retrieved two velocity components is shown in figure 10 .
In the preliminary experiment described in [36] , only 20 scenes allowed PIV velocity retrievals. These were collected at lower LWC of the plume (∼4 g kg −1 ) implying a smaller potential for evaporative cooling, and thus lower values of TKE. The observed ratio of u 2 1 / u 2 3 was estimated as 0.67 ± 0.52, that is, with a large uncertainty. Other statistics, like the horizontal and vertical Taylor microscales, showed anisotropy as well, but the experimental errors were high. Here, we present a new set of results that extend the discussion of [36] . The data were collected in a series consisting of 20 experiments, each subject to slightly different thermodynamic conditions inside the chamber. For each experiment, at least 100 pairs of frames (tens of thousands of velocity vectors in each frame) were analyzed, in order to retrieve statistical properties of velocity fluctuations. Experimental probability distribution functions (PDF) of the velocity fluctuations in horizontal (u 1 ) and vertical (u 3 ) directions are presented in figure 11 and summarized in table 2. Clearly, the PDF of u 3 is wider and has longer tails than the PDF of u 1 , consistent with the numerical simulation discussed in the preceding section. The derived kurtosis and skewness indicate that both the distributions are close to Gaussian. The ratio u The anisotropy in the laboratory experiments is most likely the result of evaporative cooling at the cloud-clear air interface, but the impact of the large-scale anisotropy of the experimental setup (i.e. the initial plume being injected from the top of the chamber) cannot be ruled out. This is corroborated by additional experiments using the same laboratory setup, but with nonevaporating oil droplets replacing cloud water [38] . The observed u 2 1 / u 2 3 ratio in these experiments was 0.86 ± 0.02, suggesting small but non-negligible impact of the experimental setup and/or buoyancy oscillations (due to weight of oil droplets) on the observed small-scale anisotropy.
Conclusions
Results of laboratory experiments and numerical simulations show that evaporative cooling and droplet sedimentation in the vicinity of the cloud-clear air interface lead to the anisotropy of 14 small-scale turbulence associated with cloud entrainment and mixing. In spite of the substantial variability in thermodynamic conditions between different series of measurements in the mixing chamber, and in spite of inevitable simplifications adopted in the numerical simulation, the overall agreement of results is remarkable. In particular, the ratio between the horizontal and vertical velocity variance is approximately 0.5 in both numerical and laboratory experiments. We also show that a non-negligible amount of TKE (20% in the current study) originates from processes dismissed in classical theory of cloud-clear air mixing; that is, from small-scale buoyancy oscillations. These oscillations result from different microscale transport mechanisms, across the cloud-clear air interface, of the temperature and water vapor (via molecular diffusion) and of cloud droplets (via sedimentation).
In contrast to the extrapolations of in situ measurements that suggest homogeneity and isotropy of cloud turbulence at tens-of-metres down to decimetre scales, our findings indicate that the anisotropy at the cloud microscale is independent of the larger scales. As pointed out in the introduction, the reported anisotropy of small scales due to turbulent entrainment and mixing, combined with the well-known fact that clouds are strongly diluted by entrainment, leads us to believe that the effects discussed in this paper may have significant implications for radiative transfer through clouds and for growth of cloud droplets through collision/coalescence. Theoretical models of such processes typically assume random distribution of droplets in space, which is clearly not the case when turbulent cloud-clear air mixing is considered. Implications of such approximations need to be investigated in the future.
